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Abstract
Temporomandibular joint (TMJ) pathology has been an area of study in dentistry 
­specifically­a­research­interest­in­clinical­orthodontics­in­which­treatment­option­has­been­
a­dilemma­for­practitioners.­Discussion­between­‘dos’­and­‘don’ts’­in­growth­modifica-
tion­has­drawn­spread­however­opposite­opinions­from­different­schools­of­thoughts­in­
whether­growth­modification­itself­is­working.­To­provide­a­better­illustration­of­biologi-
cal­process­within­TMJ,­this­chapter­discussed­aspects­including­overall­condylar­growth;­
the­ histological­ structure­ of­ endochondral­ bone­ of­ condyle;­ extracellular­ factors­ that­
regulate­proliferation,­differentiation,­ hypertrophy,­ terminal­maturation­ and­ apoptosis­
of­chondrocytes;­and­molecular­regulation­of­the­entire­process.­An­understanding­of­the­
pathology,­histology,­cellular­and­molecular­events­related­to­the­morphology­and­growth­
of­TMJ­forms­through­reading­over­this­chapter;­the­emphasis­of­the­mechanotransduc-
tion­mediators­and­the­influence­of­mechanical­strain­on­the­level­of­expression­of­genes­
were­presented­in­details.­Novel­studies­using­virus­vector­stimulating­condylar­growth­
through­enhancing­angiogenesis­within­a­time­limit­were­discussed;­also­clinical­implica-
tions­in­treatment­options­in­relation­to­mandibular­advancement­were­briefly­compared.
Keywords:­temporomandibular­joint­pathology,­condylar­growth,­orthodontics,­ 
gene­therapy,­growth­modification
1. Introduction
More­than­700­of­6000­known­hereditary­syndromes­involve­dental­or­craniofacial­disorders;­
temporomandibular disorders (TMDs) are one subgroup [1]. TMDs are a class of musculo-
skeletal­disorders­related­to­mouth­opening­and­closing,­chewing­and­other­mandibular­pro-
cesses­necessitating­ the­ involvement­of­ the­ temporomandibular­ joint­ (TMJ)­ and­any­of­ its­
associated structures [2].­Currently,­one­of­the­most­widely­used­diagnostic­criteria­remains­
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to­be­the­RDC/TMJ­criteria,­axis­1­diagnoses­by­Manfredini­et­al.­which­classifies­TMJ­cases­
into­one­of­three­categories:­musculoskeletal­issues­[3],­TMJ­disc­displacements­and­joint­pain­
(arthralgia).­There­are­also­other­classifications­of­TMDs­which­focus­on­inflammation,­injury­
and systemic conditions (Table 1) [3–5].
As­TMDs­have­implications­on­the­quality­of­life­and­well-being­of­affected­individuals­and­
their­families,­it­is­of­major­interest­to­clarify­the­etiology­of­TMDs.­Several­issues­have­arisen­
with­ the­ understanding­ of­ the­ etiology,­ treatment­ options­ and­ preventative­ measures­ of­
TMDs.­There­is­a­great­variability­in­symptoms­of­TMDs­(ranging­from­pain­and­­inflammation­
to­ ­limitations­of­ jaw­movements)­which­can­even­vary­ in­prevalence­between­genders—as­
I. Musculoskeletal issues
A. Myofascial pain:­pain­or­ache­in­the­jaw,­temples,­face,­preauricular­area­or­inside­the­ear­at­rest­or­during­
function­and­pain­in­response­to­palpation­of­three­muscle­sites­of­the­mandible­with­at­least­one­of­the­painful­sites­
on the same side as the complaint of pain [3,­4]
B. Myofascial pain with limited opening:­myofascial­pain­with­pain-free­unassisted­mandibular­opening­40­mm­
and­maximum­assisted­opening­(passive­stretch)­5­mm­greater­than­pain-free­unassisted­opening­[3,­4]
C. Ankylosis:­joint­stiffness­potentially­from­disease­and­injury­or­a­consequence­of­surgery­[4,­5]­and­can­be­divided­
into­fibrous,­fibro-osseous­and­osseous­conditions­[4,­5]
II. TMJ disc displacements
A. Disc displacement with reduction:­reciprocal­clicking­in­TMJ­or­clicking­in­TMJ­on­both­vertical­ranges­of­motion­
in­two­of­three­consecutive­trials­[3,­4]
B. Disc displacement without reduction with limited opening:­history­of­significant­limitation­in­opening,­
maximum­unassisted­opening­35­mm,­passive­stretch­increases­opening­by­4­mm­over­maximum­unassisted­
opening,­contralateral­excursion­7­mm­or­uncorrected­deviation­to­ipsilateral­side­on­opening­and­the­absence­of­
joint­sound­or­joint­sounds­not­meeting­criteria­for­disc­displacement­with­reduction­[3,­4]
C. Disc displacement without reduction, without limited opening:­history­of­limitation­of­mandibular­opening,­
maximum­unassisted­opening­35­mm,­passive­stretch­increases­opening­by­5­mm­over­maximum­unassisted­opening,­
contralateral­excursion­7­mm,­the­presence­of­joint­sounds­not­meeting­criteria­for­disc­displacement­with­reduction,­
imaging­conducted­by­either­arthrography­or­magnetic­resonance­reveals­disc­displacement­without­reduction­[3,­4]
III. Arthralgia, osteoarthritis and osteoarthrosis
A. Arthralgia:­pain­in­one­or­both­joint­sites­during­palpation;­one­or­more­self-reports­of­pain;­for­simple­cases,­
coarse crepitus must be absent [3,­4]
B. Osteoarthritis of the TMJ:­arthralgia,­coarse­crepitus­in­the­joint­or­radiologic­signs­of­arthrosis,­classified­as­a­
degenerative­joint­disorder­[3–5]
C. Osteoarthrosis of the TMJ:­the­absence­of­all­signs­of­arthralgia;­coarse­crepitus­in­the­joint­or­radiologic­signs­of­
arthrosis;­classified­as­a­degenerative­joint­disorder­[3–5]
III. External causes
A. Inflammation:­can­be­acute,­chronic­or,­a­third­option,­infectious,­which­can­be­nonspecific­or­specific­to­a­type­of­
disease [3,­4]
B. Tumors: can be benign or malignant [4,­5]
C. Systemic conditions:­include­rheumatoid,­juvenile­and­psoriatic­arthritis,­scleroderma­and­mixed­connective­
tissue disease [4,­5]
Table 1.­General­classification­of­temporomandibular­disorders­(TMDs).
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females­have­been­ found­to­be­more­susceptible­ to­TMDs­compared­ to­males­ [6]. This has 
resulted­in­treatment­options­being­too­broad­or­general,­such­as­cognitive­behavior­therapy,­
nonsteroidal­ anti-inflammatory­ drugs­ (NSAIDs)­ and­ physiotherapy­ [6].­ While­ there­ have­
been­efforts­ for­classification­of­ the­etiological­ factors­ including­a­widely­known­classifica-
tion­by­de­Boever­et­al.­(Table 2) [7],­current­literature­has­shifted­its­focus­to­anatomical­and­
histological­examination­of­the­structures­within­the­TMJ,­to­identify­contributing­factors­for­
TMDs,­which­will­be­the­focus­of­this­chapter.
2. Anatomy of the TMJ
The­temporomandibular­joint­(TMJ)­is­an­articular­disc­between­the­cranium­and­mandible­
and,­more­specifically,­centered­within­the­orofacial­system,­a­functional­group­of­structures­
which­includes­the­masticatory­and­stomatognathic­systems­as­well­as­the­maxilla-mandibular­
apparatus (Figure 1) [5,­8].­The­TMJ­contains­the­glenoid­fossa,­TMJ­disc­(center,­anterior­and­
Etiological factors of TMDs
A. Predisposing factors:­factors­of­structure­(decrease­in­calibration,­disc­erosion­or­improper­alignment,­patterns­of­
occlusion­and­bruxism);­tissue­quality;­systemic­diseases­such­as­rheumatoid­arthritis­(RA),­gout­and­fibromyalgia;­
facial­typology;­as­well­as­age­[5,­7]
B. Triggering factors:­trauma­at­the­macro­and­micro­levels­(e.g.­injury­to­the­jaw­joint,­osteoarthritis),­bruxism­as­
well­as­excess­ability­of­articular­tolerance­[5,­7]
C. Perpetuating factors:­underlying­behavioral,­social­and­emotional­stresses­[7]
Table 2.­Classification­of­etiological­factors­of­TMJ­[5,­7].
Figure 1.­Schematic­representation­of­the­TMJ­and­associated­structures­in­the­human­skull.­The­temporomandibular­
disc­and­capsule,­glenoid­fossa,­neck­of­the­condylar­process­and­articular­eminence­(not­labeled)­are­adjacent­to­each­
other and comprise the TMJ.
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posterior),­porous­bone­and­mandibular­condyle.­It­is­a­synovial­joint­and­is­unique­in­that­it­
is­one­bone­that­is­composed­of­two­bilateral­joints­which­cannot­move­independently­of­each­
other [6,­9].­Between­the­two­joints­is­synovial­fluid­which­promotes­the­hinge­and­sliding­
movements­of­the­mandibular­condyles­required­for­mouth­opening­and­closing­and­occlu-
sion of the teeth [6].
The­major­function­of­the­TMJ­includes­the­coordination­of­ individual­tooth­positions­and­
other features of the orofacial system [8].­This­is­accomplished­by­lateral­ligaments­which­are­
attached­inside­of­joint­capsules,­being­the­structures­which­stabilize­the­intra-articular­discs­
[10,­11].­The­capsule­is­surrounded­by­fibrocartilage­(rather­than­hyaline­cartilage)­and­con-
trasts­in­thickness—the­anteromedial­and­medial­aspects­are­thin­(0.7­mm),­while­the­lateral­
and­posterior­aspects­are­thick­(1.8­mm)­[5,­9].­The­capsule­extends­from­the­glenoid­fossa­
to­the­neck­of­the­mandible,­preventing­excessive­displacement­of­the­TMJ­[5]. The majority 
of­blood­supply­originates­from­the­trail­of­superficial­temporal,­superior­articular,­anterior­
tympanic,­and­pterygoid­arteries­[5].
2.1. Glenoid fossa
The­glenoid­fossa­is­a­concave­portion­of­the­temporal­bone­[8].­It­borders­the­articular­emi-
nence anteriorly and the tympanic plate posteriorly [5,­9].­The­glenoid­fossa,­similar­to­the­disc­
and­condyle,­is­a­site­of­angiogenesis­when­subjected­to­mechanical­stimuli­[5,­9].­However,­
its­histological­composition­has­striking­differences.­Histological­examination­of­the­glenoid­
fossa­has­recorded­fewer­posterior­layers­of­chondrocytes­than­the­condyle.­As­chondrocytes­
are­involved­in­chondrogenesis­in­the­formation­of­cartilage­to­support­the­growth­of­the­bone­
by­means­of­ endochondral­ossification,­ the­glenoid­ fossa­may­undergo­a­ reduced­ level­of­
endochondral­ossification­and­a­greater­level­of­intramembranous­ossification­[5].
2.2. TMJ disc
The­disc­is­fibrocartilaginous­and­biconcave­and­takes­on­a­bow-tie­morphology­[5].­The­two­
ridges­of­the­disc­are­referred­to­as­bands­which­attach­to­different­structures.­The­smaller­and­
shorter­anterior­band­connects­with­the­joint­capsule,­condylar­head­and­articular­eminence­
[5].­On­the­other­hand,­the­larger­and­longer­posterior­band­attaches­to­the­condyle­and­the­
temporal bone [9].­The­disc­attaches­to­the­capsule­and­neck­of­the­condyle­medially.­The­disc­
facilitates­ jaw­opening­in­which­the­disc­moves­between­the­head­of­the­mandible­and­the­
articular eminence [5].
2.3. Mandibular condyles
The articular surface of the mandible borders the anterior surface of the mandibular condyles 
[12].­The­mandibular­condyles­are­structures­of­the­human­mandible,­covered­with­fibrous­
tissue­composed­of­predominantly­ type­ I­ collagen,­which­present­a­ surface­ for­ interaction­
with­the­articular­disc­of­the­temporomandibular­joint,­composed­of­avascular­fibrous­tissue­
including­collagen­and­fibroblasts­[12].­Below­this­resting,­the­fibrous­layer­of­the­condyles­is­
four­layers­of­cartilage:­the­proliferative,­chondroblast,­hypertrophic­and­erosive­layers­[12]. 
Temporomandibular Joint Pathology - Current Approaches and Understanding164
Extending­further­posteriorly­than­anteriorly,­the­condyles­are­convex­laterally­with­a­long­
axis­situated­medially­and­partially­backwards­[13].­The­convex­lateral­extremities­of­the­con-
dyles­are­connected­to­small­tubercles­for­attachment­to­the­ligament­of­the­TMJ­[13].
Human­condyles­grow­to­15–20­mm­laterally­and­8–10­mm­anteroposteriorly­in­adulthood­
[5].­The­growth­of­condyles­is­attributed­to­the­condylar­cartilage­which­acts­as­a­template­
for­bone­growth­ [12].­The­mandibular­ condyles­are­unique­ in­ that­ the­ cartilage­ (predomi-
nantly­type­II­collagen)­is­known­as­secondary,­compared­to­main­and­primary­cartilage­[12]. 
Another­categorization­of­the­condylar­cartilage­is­articular­[14].­However,­unlike­other­types­
of­the­articular­cartilage­such­as­the­synovial­or­epiphyseal­cartilage,­it­has­a­striking­differ-
ence­of­undergoing­adaptive­changes­ in­response­to­external­stimuli­ including­mechanical­
or­positional­changes­(e.g.­repositioning­of­the­condyles­and/or­the­mandible,­the­function-
ing of the articular discs and the mechanical loading of the condyles) [15–17].­Some­of­ the­
adaptive­changes­are­ related­ to­growth­and­remodeling­such­as­endochondral­ossification­
and altering or regenerating chondrogenesis [14]. While these changes can occur during or 
after­the­natural­growth­period,­there­has­been­study­that­in­adult­rats,­the­remnant­condylar­
cartilage­serves­more­‘articular’­function­than­‘growth’­function­as­the­adult­rat­condyle­stops­
growth­or­becomes­ inactive­of­endochondral­ossification­ [14].­Additionally,­Luder­studied­
adult­human­condyle­structures­and­found­that­ the­cellular­ layers­of­organization­did­not­
resemble­ that­of­growing­ condyles­ and­attributed­ the­discrepancy­ to­ articular­ remodeling­
from mechanical loading [18].­As­it­was­determined­that­articular­tissue­differed­considerably­
between­areas­of­ loading­and­non-loading,­Luder­proposed­ that­adult­condyles­should­be­
divided­differently­and­into­three­zones­of­organization—superficial,­intermediate­and­deep­
[18].­Luder­completed­a­follow-up­study­and­found­that­features­of­the­articular­tissue­in­the­
condyles­were­subject­to­changes­based­on­age­[19].­Most­tissue­features­were­altered­between­
15 and 30 years of age and generally remained stable beyond this age range [19]. During this 
time,­ there­was­a­progressive­cartilaginification­of­ the­newly­ formed­superficial­zone,­dis-
appearance­of­ the­hypertrophic­growth­plate,­appearance­of­ the­grid-fibrous­fibrocartilage­
accompanied­by­a­decline­in­endochondral­ossification­as­well­as­formation­of­the­subchon-
dral bone plate [19].­From­middle­age­to­older­age,­there­was­a­decrease­in­cellularity­and­
some­senescence­and­a­progressive­fibrosis­of­the­intermediate­zone.­It­was­determined­that­
the­extent­of­maturation­and­remodeling­and­changes­experienced­in­later­age­were­related­
to articular load bearing [19].
Recently,­there­has­been­a­spotlight­on­the­mandibular­condyles­as­major­contributing­factors­
to­TMDs.­As­active­growth­sites­of­the­mandible,­impaired­growth­of­the­condyles­has­been­
associated­with­ the­development­of­TMDs­ [14].­ Impairment­of­ condylar­development­ can­
result in mandibular asymmetry (e.g. hemifacial macrosomia and retrognathia) and problems 
in­mastication,­breathing­and­facial­harmony­which­can­lead­to­the­onset­of­TMDs­[14].­As­it­is­
evident­that­the­etiological­causes­of­TMDs­are­multifactorial,­an­evaluation­of­the­influences­
and­treatment­options­in­the­context­of­condylar­growth­is­of­great­importance­for­affected­
individuals­ and­ their­ respective­practitioners.­Of­major­ interest­ in­ condylar­ growth­ is­ the­
condylar­cartilage­for­its­influence­in­the­growth­of­the­mandible­and­its­adaptive­remodeling­
of­the­condyles­in­orthodontic­intervention­[14].­An­understanding­of­the­process­of­condylar­
growth­and­the­involvement­of­cartilage­in­growth­is­therefore­essential.
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3. Steps in mandibular condylar growth
Given­the­fact­that­the­anatomy­of­the­condyles­is­clinically­relevant­in­addressing­TMDs,­it­is­
of­importance­to­distil­the­major­steps­and­cell­types­involved­in­the­condylar­growth­process.­
There­are­two­major­processes­involved­in­the­growth­of­the­mandibular­condyles:­chondro-
genesis (cartilage formation) and osteogenesis (bone formation).
Mesenchymal­ cells­ eventually­ undergo­ one­ of­ two­ processes­ of­ osteogenesis­ by­ means­
of­endochondral­or­ intramembranous­ossification,­the­latter­of­which­is­completed­in­the­
absence of the cartilage (Figure 2).­In­the­former­process,­the­mesenchymal­cells­will­first­
differentiate­ into­prechondrocytes­which­will­mature­ into­ terminally­hypertrophic­ chon-
droblasts [20–22].­This­sequence­of­steps­is­collectively­known­as­chondrogenesis.­The­chon-
droblasts­ eventually­ calcify­ and­die,­ resulting­ in­ the­ bone­ replacing­ the­ cartilage­ by­ the­
bone­through­the­invasion­of­osteoprogenitors­which­differentiate­into­osteoblasts­[20]. This 
final­step­is­known­as­endochondral­ossification­[23,­24].­Conversely,­in­intramembranous­
ossification,­mesenchymal­cells­recruited­from­neovascularization­migrate­to­the­subperi-
osteal­connective­tissue­and­directly­differentiate­into­osteoblasts­to­give­rise­to­new­bone­
(Table 3) [25].
Figure 2.­Schematic­of­the­effects­of­VEGF­during­chondrogenesis,­neovascularization­and­osteogenesis.
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3.1. Neovascularization
Neovascularization­is­an­essential­step­in­endochondral­or­intramembranous­ossification­which­
occurs­in­the­hypertrophic­and­erosive­layers­of­the­condylar­cartilage­as­well­as­the­glenoid­fossa­
and the TMJ disc [28].­It­is­quantitatively­correlated­with­endochondral­ossification­and­is­an­indi-
cator­of­osteogenesis­in­the­replacement­of­dying­cartilage­with­new­bone­[20].­Neovascularization­
functions­by­replenishing­the­population­of­mesenchymal­cells­for­osteogenesis­as­blood­vessels­
are­the­regions­where­progenitor­cells­are­able­to­diffuse­out­and­into­the­surrounding­tissues­[28].
While­neovascularization­has­been­determined­to­play­a­major­role­in­condylar­bone­formation,­
it­is­of­future­interest­to­investigate­the­glenoid­fossa­and­the­TMJ­disc,­regions­also­character-
ized­by­mesenchymal­cells­and­chondrocytes­[5],­as­additional­potential­regions­of­neovas-
cularization­and­subsequent­bone­growth.­However,­ irrespective­of­anatomical­ location,­an­
understanding­of­the­factors­influencing­each­of­the­steps­in­bone­growth­in­the­­condyles­and­
its­associated­regions­is­of­major­relevance­for­improving­the­management­of­TMDs.
I. Chondrogenesis: mesenchymal cells
A. Fibrous layer [20]:­differentiation­into­prechondroblasts­[20];­can­replicate­up­to­38­±­4­times,­and­its­quantity­
(dictated­by­various­cellular­and­molecular­factors)­influences­the­growth­potential­[21,­26];­affected­by­mechanical­
forces [27]
B: Proliferative layer [21]:­differentiates­into­chondroblasts­and­chondrocytes­to­maintain­cartilage­[21,­22];­affected­
by mechanical forces [27]
C: Erosive layer [21]:­recruited­with­neovascularization­and­migrates­to­the­subperiosteal­connective­tissue­to­
directly­give­rise­to­osteoblasts­through­intramembranous­ossification­for­the­remodeling­and­repair­of­the­bone­[12,­
21,­25,­28]
II. Chondrogenesis: prechondroblasts
Proliferative layer [12]:­expresses­type­II­collagen­[12];­multipotential—can­switch­to­differentiation­of­osteoblasts­if­
articulate­functioning­is­limited­which­can­increase­growth­as­articulate­functioning­retards­growth­versus­condylar­
unloading­which­stimulates­growth­[23]
III. Chondrogenesis: hypertrophic chondrocytes
Hypertrophic layer, erosive layer [29–32]: maturation facilitates the transition from chondrogenesis to osteogenesis 
to­serve­as­a­regulatory­point­for­growth­[33],­impacts­cartilage­formation­and­influences­the­growth­of­the­condyle­
[34];­intercellular­matrix­calcification­inhibits­diffusion­of­nutrients,­ultimately­causing­the­death­of­the­hypertrophic­
chondrocytes [20]
IV. Neovascularization
Refer to 3.1.
Va. Osteogenesis: endochondral ossification
Beneath erosive layer [20]:­facilitates­postnatal­condylar­growth­and­replaces­degrading­cartilage­with­the­bone­[20]
Vb. Osteogenesis: intramembranous ossification
Subperiosteal connective tissue [25]:­unlike­endochondral­ossification,­the­cartilage­is­not­present­with­this­process­
of­ossification­which­also­serves­the­purpose­for­forming­new­bone­[25]
Table 3.­Analysis­of­the­major­processes­involved­in­condylar­growth­and­the­corresponding­stages­within­each­process.
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4. Factors influencing condylar growth
Factors­influencing­the­growth­of­condylar­cartilage­can­be­categorized­into­cellular­(Table 4) 
and molecular factors (Table 5).
4.1. Factors at the cellular level
Cellular­ factors­ can­be­defined­as­ factors­ that­ exert­ their­ activity­at­ the­extracellular­ level,­
including­growth­factors,­cytokines,­extracellular­matrix­(ECM)­and­other­types­of­proteins.­
Growth­factors­and­cytokines­serve­as­local­mediators­in­response­to­mechanical­and­inflam-
matory­stimuli,­while­ECM­serve­as­intercellular­structural­support­[14].
I. Growth factors
A. Insulin-like growth factor (IGF): found in chondrocytes [35,­36],­mediates­growth­and­development­of­the­
cartilage and bone [14,­37]
B. Fibroblast growth factor (FGF): found in proliferating and chondroblast layers [14,­36];­regulates­skeletal­
development­and­postnatal­osteogenesis­(e.g.­FGF-2­promotes­angiogenesis,­inhibits­the­terminal­differentiation­of­
chondrocytes and reduces the formation of the bone) [14]
C. Vascular endothelial growth factor (VEGF): refers to 4.1.1
D. Connective tissue growth factor (CTGF): found in hypertrophic layer [38],­regulates­cartilage­ECM­and­VEGF-A­
expression­[38];­CTGF­null­or­deficiency­impairs­endochondral­ossification­[39]
II. Cytokines
A. TGF-β:­found­in­site­of­endochondral­ossification,­articular­cartilage­and­growth­plate­[40,­41];­stimulatory­and­
inhibitory­roles­dependent­on­concentration,­culture­period­and­state­of­cellular­differentiation­[42–44];­generally­
inhibits­chondrocyte­maturation­and­hypertrophy­and­alkaline­phosphatase­activity­[45–47]
B. Bone morphogenetic protein (BMP):­BMP-2­and­BMP-4­are­involved­with­cellular­proliferation­by­regulating­
endochondral­ossification­[48];­activity­of­BMP-2­can­be­inhibited­by­Wnt­signaling­[14]
III. Extracellular matrix
A. Type II collagen: supports cartilage formation [12]
B. Type III collagen:­regulates­bone­repair­and­development­[49];­cross­links­are­weaker­than­type­I­collagen­and­
therefore­can­support­replacement­by­type­I­collagen­in­remodeling­[28]
C. Type X collagen: short-chain collagen [20];­correlated­to­the­hypertrophic­phenotype­and­marks­the­transition­to­
osteogenesis [20]
IV. Other proteins
A. Parathyroid hormone-related protein (PTHrP): refers to 4.1.2
B. Indian hedgehog (Ihh): refers to 4.1.3
C. Matrix metalloproteinases (MMP-1, MMP-9): found in hypertrophic layer [50];­mediates­the­transition­to­
osteogenesis,­angiogenesis­and­further­proliferation­of­the­hypertrophic­chondrocytes­[20,­50];­facilitates­remodeling­
of­the­bone­by­degrading­matrix­[51]
Table 4.­Analysis­of­the­cellular­factors­involved­in­condylar­growth­and,­if­applicable,­the­localizations­of­its­respective­
activities.
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4.1.1. Vascular endothelial growth factor (VEGF)
VEGF­is­one­of­the­most­prominent­regulators­of­mandibular­condylar­growth.­It­ is­found­
mainly in the hypertrophic layer of the condylar cartilage [24,­28,­52,­53],­but­traces­have­been­
discovered­in­the­proliferative­layer­[54].­VEGF­serves­multiple­functions­in­supporting­the­
growth­of­the­condyles­including­the­coordination­of­the­death­of­chondrocytes,­function­of­
chondroblasts,­remodeling­of­ECM,­secretion­of­growth­factors­and­cytokines,­angiogenesis­
as­well­as­formation­of­the­bone­[12,­25,­26,­55].
Observing­each­of­the­functions­of­VEGF­in­greater­detail,­the­coordination­of­chondrocyte­
death­is­accomplished­by­guiding­of­mesenchymal­cell­differentiation­towards­osteogenesis­
by­bringing­ the­ cells­ to­ the­mineralization­ front­ for­ calcification­ [24,­56,­57].­Additionally,­
VEGF-A­has­been­ the­main­ isoform­which­ facilitates­ the­progression­of­angiogenesis­ [12]. 
VEGF­in­general­supports­rapid­vascularization­essential­to­healing­and­induction­of­bone­
associated­with­bone­matrix­ that­has­been­demineralized­ [58]. With respect to supporting 
bone­formation,­VEGF­has­been­noted­to­increase­mandibular­length,­and­its­expression­has­
been­correlated­with­the­quantity­of­newly­formed­bone­in­the­posterior­of­the­condyle­[12]. 
It­is­therefore­evident­that­VEGF­is­a­major­therapeutic­target­of­interest­in­research­towards­
regulation­of­condylar­growth.
I. Transcription factors
A. Core binding factor A1 (CBFA1):­found­in­erosive­layer­[21];­essential­for­chondrocyte­differentiation­as­the­
earliest regulator of transcription [21,­68,­69] can induce premature hypertrophy of chondrocytes [68];­mediates­
VEGF-A­in­endochondral­ossification­as­its­overexpression­increases­VEGF­expression­[38,­70]
B: SOX-9: refers to 4.2.1
II. Novel genes specific for condylar growth
A. Mustang, alpha B-crystallin (CryAB):­associated­with­increased­mesenchymal­cell­and­osteoblast­differentiation­
in response to mechanical strain [64]
B: Noggin:­prevents­apoptosis­of­chondrocytes­[71]
C: Chondroadherin (CHAD):­increases­type­II­collagen­expression­in­response­to­mechanical­strain­[64]
D: Nephroblastoma overexpressed (NOV):­improves­cartilage­formation­and­integrity­by­positive­modulation­of­
type X collagen [64]
III. Other proteins
A: Wnt family:­found­in­proliferative­and­hypertrophic­layers­[72];­controls­mesenchymal­cell­differentiation­into­
chondrocytes­(e.g.­Wnt1­and­Wnt7a­block­chondrocyte­differentiation,­while­Wnt4­blocks­chondrogenesis­but­
accelerates­chondrocyte­differentiation)­[72–74]
B: Proliferating cell nuclear antigen (PCNA): found in hypertrophic layer [14];­increases­the­DNA­replication­of­
mesenchymal­cells­and­is­the­marker­for­cell­proliferation­[14]
C: D-type cyclins:­‘gatekeeper’­of­the­G1­phase­of­the­cell­cycle­which­regulates­the­DNA­replication­of­mesenchymal­
cells [72]
Table 5.­Analysis­of­the­molecular­factors­involved­in­condylar­growth­and,­if­applicable,­the­locations­of­its­respective­
activities.
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4.1.2. Parathyroid hormone-related protein (PTHrP)
Another­major­regulator­of­condylar­growth,­PTHrP,­is­found­in­the­transition­zone­between­
the­proliferative­and­hypertrophic­layers­[59,­60].­It­controls­the­condylar­bone­formation­by­
facilitating­and­mediating­ the­biomolecular­pathway­ through­which­ chondrogenic­pheno-
type is shifted to osteogenesis [20].­This­is­accomplished­by­slowing­down­the­hypertrophy­
of­mature­chondrocytes­to­promote­further­maturation­and­to­provide­more­time­to­develop­
the cartilage in preparation for osteogenesis [33,­61]. By promoting further maturation and 
delaying­the­transition­from­chondrogenesis­to­osteogenesis,­the­population­of­chondrocytes­
continues­to­rise,­leading­to­an­increase­in­cartilage­volume­and­subsequently­bone­formation.
Additionally,­PTHrP­induces­the­differentiation­of­mesenchymal­cells­through­SOX-9,­a­tran-
scription­factor­which­serves­to­positively­regulate­the­growth­of­the­condyles­[33].
4.1.3. Indian hedgehog (Ihh)
Compared­to­other­factors­at­the­cellular­level,­Ihh­functions­as­a­highly­dynamic­mechano-
transduction­factor­which­increases­in­expression­in­response­to­mechanical­stimuli­[12].­It­is­
expressed­by­prechondroblasts­and­early­hypertrophic­chondrocytes­in­the­proliferative­layer­
[12,­62].­Ihh­has­a­variety­of­effects­on­the­TMJ­and­condyles­including­supporting­early­develop-
ment [63]­by­regulating­mesenchymal­cell­and­chondrocyte­proliferation­and­cartilage­develop-
ment­(most­notably­type­II­collagen)­in­chondrogenesis­as­well­as­the­transition­to­osteogenesis­
under mechanical strain [34,­64–66].­Interestingly,­Ihh­can­also­function­as­a­molecular­factor­
by­shortening­the­turnover­and­enhancing­the­renewal­of­condylar­cells­[34] by upregulating 
cyclin­D1,­the­‘gatekeeper’­of­the­transition­from­the­G1­to­the­S­phases­of­the­cell­cycle­[65,­67].
4.1.4. PTHr/Ihh negative feedback loop
Rabie­et­al.­postulated­that­PTHrP­and­Ihh­activities­are­linked­through­a­negative­feedback­
loop­which­regulates­the­development­of­ the­growth­plate­[5].­ In­the­feedback­loop,­when­
PTHrP­ production­ is­ fleeting­ and­ not­ sufficiently­ stimulating­ chondrocytes,­ chondrocytes­
stop proliferating and maturing [66].­The­chondrocytes­begin­to­synthesize­Ihh­in­the­hyper-
trophic­layer­which­acts­on­the­chondrocytes­by­means­of­receptor-mediated­signaling­[66]. 
Ihh­ increases­ the­ proliferative­ rate­ of­ the­ chondrocytes­ and­ stimulates­ the­ production­ of­
PTHrP­at­the­terminus­of­the­bone.­PTHrP­then­maintains­the­chondrocytes­in­a­proliferative­
state­and­delays­further­maturation­and­differentiation­which­delays­Ihh­production­[34].­As­
a­result,­the­PTHrP/Ihh­negative­feedback­loop­modulates­the­pace­of­proliferation­and­dif-
ferentiation­of­the­chondrocytes­to­regulate­cartilage­and­eventual­bone­formation­[12].
4.2. Factors at the molecular level
Molecular­factors­can­be­defined­as­factors­that­operate­within­the­cell­by­means­of­genetic­
and­other­intracellular­factors.­Such­factors­can­be­categorized­into­transcription­factors,­novel­
genes­ specific­ for­ condylar­ growth­ and­ other­ intracellular­ proteins.­ Transcription­ factors­
control­genetic­ expression,­while­ intracellular­proteins­ control­ signal­ transduction­and­cell­
cycling­pathways.
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4.2.1. SOX-9
Targeted­in­PTHrP­signaling,­SOX-9­is­a­transcription­factor­that­regulates­the­differentiation­
process from mesenchymal cells to hypertrophic chondrocytes [12].­Additionally,­SOX-9­pre-
vents­premature­differentiation­and­regulates­type­II­collagen­synthesis­and­cartilage­forma-
tion­through­activation­of­the­enhancer­region­of­Col1a2­and­Col2a1­[20,­75–77].­It­is­able­to­
accomplish­its­activities­by­recognizing­the­DNA­sequence­of­CCTTGAG­and­other­members­
of­the­high­mobility­group­(HMG)­box­class­of­DNA-binding­proteins­[71].
To­ understand­ how­ SOX-9­ facilitates­ differentiation,­ it­ is­ vital­ to­ recognize­ that­ SOX-9­ is­
expressed­in­mesenchymal­cells,­prechondroblasts­and­early­differentiated­chondrocytes­but­
not in hypertrophic chondrocytes [78].­In­mesenchymal­cells,­SOX-9­is­required­for­differenti-
ation­into­prechondroblasts.­Later­in­the­prechondroblast­stage,­SOX-9­supports­the­prolifera-
tion­and­further­differentiation­into­early­and­proliferating­chondrocytes.­At­the­same­time,­
SOX-9­regulates­the­expression­of­Noggin,­an­anti-apoptotic­gene­to­support­the­proliferation­
of the chondrocytes [71].­After­this­stage,­SOX-9­inhibits­the­transition­from­proliferative­to­
hypertrophic­chondrocytes­to­control­subsequent­endochondral­ossification.­Overall,­SOX-9­
is­involved­in­cell­proliferation­of­successive­cell­types­in­the­earlier­stages­of­chondrogenesis,­
but­it­also­serves­to­prevent­the­hypertrophy­of­chondrocytes­(Figure 3).
5. Interventions to address condylar growth
Given­ the­working­understanding­ of­ the­ stages­ and­ factors­ involved­ in­ condylar­ growth,­
researchers­have­found­the­condyles­to­be­clinically­relevant­to­the­development­and­morphol-
ogy­of­the­orofacial­complex­[14,­20].­The­condyles­have­been­studied­as­a­therapeutic­target­
in­addressing­TMD­and­craniofacial­issues­in­general.­Two­leading­interventions­to­reactivate­
and­control­condylar­growth­have­been­the­use­of­the­recombinant­adeno-associated­virus­
(rAAV)­vector­and­the­application­of­mandibular­advancement­orthodontic­appliances.
5.1. Intervention by the rAAV vector
The­rAAV­vector­has­become­of­ interest­ in­ in­vivo­TMD­therapy­as­ it­has­been­shown­to­
overcome­many­limitations­involved­in­the­gene­therapy­of­the­cartilage­and­bone­[79,­80]. 
Some­advantages­of­the­vector­include­reduced­pathogenicity­and­immunogenicity,­which­
supports­long-term­expression­of­transgenes­which­can­be­restricted­to­defined­anatomical­
locations­including­specific­oral­tissues­and­success­in­transfecting­many­types­of­dividing­
and­ nondividing­ cells­ due­ to­ its­ size­ of­ 22–25­ nm­ [55,­ 79,­ 81].­At­ this­ small­ size,­ rAAV-
VEGF­has­been­demonstrated­as­a­suitable­in­vivo­vector­to­significantly­induce­condylar­
growth­by­diffusing­through­the­layers­of­the­cell­surface­and­infect­with­regular­and­hyper-
trophic­chondrocytes­ to­promote­VEGF-mediated­growth­[79]. The systemic safety of the 
rAAV-VEGF­vector­has­also­been­studied­as­exogenous­VEGF­was­not­identified­in­reverse-
transcribed­RNA­samples­of­ remote­organs­ (e.g.­heart,­ spleen­and­kidney)­of­ transfected­
subjects [79].
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Rabie­et­al.­investigated­the­effect­of­in­vivo­rAAV-mediated­VEGF­administration­on­female­
Sprague–Dawley­ rats­ and­ found­ increases­of­ the­ length­of­ the­ condylar­process­axis­ (B-F)­
and the mandibular length from day 30 post-surgery and beyond [55].­The­condylar­width­
and length also increased during the same time period [55].­The­growth­of­the­condyle­was­
upwards­and­backwards­such­that­the­greatest­cellular­response­was­found­in­the­posterior­
condyle compared to the anterior surface [55]. This supported the adaptability of the con-
dyle­ in­ directional­ changes­ in­ the­ growth­ of­ the­mandible­ [24].­ In­ addition,­ other­ studies­
have­found­a­gain­of­function­of­VEGF,­or­VEGF­gene­has­been­associated­with­increases­in­
neovascularization­and­regeneration­of­the­bone­in­defective­condyles­[82,­83]. This has also 
reinforced­the­significance­of­rAAV-mediated­VEGF­as­an­appropriate­option­in­contributing­
to­neovascularization­and­endochondral­ossification­[28].
Figure 3.­The­roles­of­SOX-9­in­each­successive­step­of­chondrogenesis­towards­endochondral­ossification­in­the­condyles.­
SOX-9­ functions­ to­ commit­mesenchymal­ cells­ to­ differentiate­ into­ prechondroblasts­ and­ supports­ the­ transition­ of­
prechondroblasts to early and proliferating chondrocytes but inhibits hypertrophy of the chondrocytes prior to the 
calcification­of­the­cartilage.
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Most­notably,­it­was­determined­that­there­was­a­delay­in­morphological­effects­of­rAAV­vec-
tor­such­that­VEGF­levels­were­increased­on­day­14­while­chondrogenesis­and­osteogenesis­
occurred­on­days­21­and­30,­respectively­[55].­This­finding­had­clinical­implications­in­terms­
of­understanding­that­gene­therapy­required­a­careful­balance­of­inhibition­or­reinjection­of­
the­viral­vector­to­address­the­potential­consequences­of­overgrowth­or­relapse­[55].
5.2. Intervention by mandibular advancement orthodontic devices
Recently,­it­has­been­proposed­that­condylar­growth­can­be­induced­by­forward­mandibular­
advancement­which­has­been­noted­to­mirror­natural­growth­[21].­Animal­studies­of­man-
dibular­advancement­treatment­on­rats­have­reported­the­enhancement­of­chondrocyte­matu-
ration­and­endochondral­ossification­which­give­rise­to­new­bone­and­condylar­growth­[84].
Three­major­factors­of­consideration­include­the­age­of­the­patient,­the­length­of­the­treatment­
and­stepwise­versus­single-step­mandibular­advancement.­First,­there­have­been­recommen-
dations­of­using­functional­appliances­during­or­after­the­peak­pubertal­period­to­observe­the­
greatest stability of treatment results [85–87].­Second,­recommendations­have­been­made­to­
extend­the­commonly­studied­period­of­mandibular­advancement­of­6­months­to­1­year­in­
order­to­support­the­maturity­of­type­I­collagen­[88–90].­Two­other­separate­studies­also­noted­
that­the­treatment­length­was­correlated­to­the­maintenance­of­the­effects­of­the­orthodontic­
intervention­[91,­92].­However,­there­have­been­mixed­conclusions­on­the­effect­of­lengthen-
ing the treatment period. Hagg et al. and Phan et al. found opposing trends of the length of 
treatment­on­the­maxilla­and­the­mandible,­increasing­the­effect­for­the­former­and­decreasing­
the­effect­for­the­latter­[93,­94].
5.2.1. Stepwise versus single-step mandibular advancement
There­ has­ been­ extensive­ literature­ for­ the­ comparison­ of­ two­ approaches­ of­mandibular­
advancement:­ stepwise­versus­ single-step­ advancement.­Currently,­ stepwise­ advancement­
has been determined as being the preferable therapy.
One­of­the­reasons­supporting­stepwise­advancement­is­the­improvement­in­skeletal­effect,­
most­notably­the­sagittal­jaw­relationship­with­the­maxilla,­assuming­a­more­forward­posi-
tioned­mandible­due­to­more­growth­than­single-step­advancement­[21,­95].­This­improve-
ment­may­be­attributed­ to­work­completed­by­Petrovic­et­al.­who­ found­ that­ the­ forward­
repositioning­of­ the­mandible­periodically­ increases­ the­rate­and­amount­of­growth­ in­ the­
condylar cartilage [96].­Van­Lam­and­Rabie­also­found­that­stepwise­treatment­was­correlated­
with­significantly­greater­new­bone­formation­[21].
From­ a­ cellular­ and­molecular­ perspective,­ stepwise­ advancement­ that­ exceeded­ a­ mini-
mum­threshold­of­mechanical­strain­resulted­in­increases­in­Ihh,­type­II­collagen,­PTHrP­and­
VEGF­[34,­57,­97–100].­Thus,­stepwise­treatment­involves­repeated­cycles­of­mechanical­strain­
and­increases­neovascularization­which­results­in­increases­in­eventual­new­condylar­bone­
formation [57].­ Studies­have­ shown­ that­manipulating­ the­ amplitude­of­mechanical­ strain­
by­stepwise­advancement­can­significantly­ impact­VEGF­production­by­chondrocytes­[55]. 
Moreover,­the­later­stages­of­stepwise­treatment­are­responsible­for­more­VEGF­production­
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and­subsequent­condylar­bone­formation­[57].­The­extent­of­condylar­growth­modification­
from­mandibular­advancement­has­been­determined­through­changes­ in­measurements­of­
the­condyle­and­documented­effects­at­the­cellular­and­molecular­levels­(Table 6).
One­modality­ of­ stepwise­ advancement­ in­ orthodontic­ treatment­ is­ the­Herbst­ appliance;­
due­to­the­advantages­of­stepwise­treatment,­it­has­been­recommended­to­be­included­in­an­
I. Chondrogenesis
A. Mesenchymal cells:­increase­in­quantity­and­rate­of­replication­which­is­correlated­to­increased­bone­formation­
[12,­101];­cells­deformed­and­oriented­in­the­direction­of­the­strain­in­the­proliferative­layers­[84]
B: Prechondroblasts:­reactivation­of­cells­and­chondrogenesis­to­promote­growth­of­the­condyle­[12],­which­leads­to­
an increase of osteogenesis [102,­103]
C: Hypertrophic chondrocytes:­enhances­but­does­not­accelerate­(a­point­that­has­not­been­clarified)­[104] the 
hypertrophy­of­the­cells­towards­osteogenesis­[23]
D: Neovascularization:­increased­by­means­of­VEGF­expression­which­preceded­the­peaks­of­chondrogenesis­and­
osteogenesis [55];­angiogenesis­in­the­erosive­layer­during­the­enhanced,­not­accelerated­(a­point­that­has­not­been­
clarified)­[104],­transition­towards­osteogenesis­[23]
II. Osteogenesis
Endochondral ossification:­reactivation­in­the­posterior­aspect­of­the­condyle­leading­to­formation­of­new­bone­[12]
III. Cellular factors
A. IGF:­increases­expression­of­IGF-I­and­IGF-II­[105]
B. VEGF:­refers­to­‘neovascularization’­in­I­(chondrogenesis)
C. Type II collagen:­increases­in­expression­[104]
D. Type X collagen:­540%­increase­in­the­posterior­condyle­which­is­correlated­with­319%­increase­in­bone­formation­
[102,­106]­by­means­of­a­similar­temporal­pattern­when­compared­to­natural­growth­[23];­maximal­expression­
coinciding­with­that­of­Cbfa­[88]
E. PTHrP:­increases­in­expression­which­is­associated­with­an­increase­in­new­chondrocyte­population­level­[33]
F. Indian hedgehog (Ihh):­immediate­increase­in­expression­due­to­deformation­of­the­ECM­and­subsequent­
cellular­cytoskeleton­[62,­84,­107];­mechanical­strain­can­reactivate­dormant­condylar­growth­[12],­but­the­extent­
of­reactivation­of­the­condyle­and­glenoid­fossa­reduced­with­increasing­age­[108–110];­promotes­chondrocyte­
proliferation,­increased­expression­of­cyclin­D­[72]
IV. Molecular factors
A. Cbfa1:­upregulation­of­expression­despite­similar­pattern­of­expression,­coinciding­with­the­maximal­expression­
of type X collagen [21]
B. SOX-9:­increases­in­expression­which­increased­mesenchymal­cell­commitment­to­endochondral­ossification­[12,­33]
C. Novel condylar genes:­increase­in­expression­of­Mustang,­CryAB,­NOV,­Noggin­and­CHAD­[64]
V. Morphology
Mandibular condyles: bending of the bone elongates [111,­112]­the­length­and­width­of­the­condylar­process­and­
length of the mandible [55]­with­most­change­in­direction­posteriorly­[24,­55];­there­is­potential­to­target­the­superior­
condylar­layer­to­regulate­upward­condylar­growth­[55]
Table 6.­Analysis­of­the­factors­affected­by­means­of­orthodontic­mandibular­advancement.
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­orthodontist’s­armamentarium­[72].­The­Herbst­appliance­has­been­evaluated­with­young­adult­
patients­and­has­yielded­promising­results­in­the­treatment­of­Class­II­malocclusion­[12].­It­has­
been­identified­to­operate­by­reactivating­prechondroblast­activity­[12].­However,­Pancherz­
has­found­several­limitations­of­the­Herbst­appliance.­The­appliance­has­been­met­with­con-
cerns of relapse in cephalometric angle measurements after treatment [88,­90].­Additionally,­
it­is­most­effective­with­Class­II­cases­and­thus­cannot­be­used­by­individuals­who­have­fully­
completed­growth­ [90].­Thus,­Pancherz­has­ recommended­ the­use­of­ removable­ functional­
appliances­post-treatment­to­maintain­the­effects­from­the­Herbst­appliance­[90].
6. Conclusion
There­have­been­considerable­efforts­to­elucidate­the­etiological­factors­of­TMDs­and­under-
stand­the­factors­regulating­the­growth­of­the­TMJ­and­mandibular­condyles­at­both­the­cel-
lular­and­molecular­levels.­Current­approaches­to­stimulating­and­controlling­the­growth­of­
the­condyles­to­address­craniofacial­abnormalities­and/or­TMDs­have­proven­to­be­promising.­
Further­ research­will­be­ required­ to­develop­orthodontic­ treatment­modalities­ that­ can­be­
applied­in­a­clinical­setting­on­a­case-to-case­basis.
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